Abstract: Corrosion properties of two Al-Si alloys processed by Rheo-high pressure die cast (HPDC) method were examined using polarization and electrochemical impedance spectroscopy (EIS) techniques on as-cast and ground surfaces. The effects of the silicon content, transverse and longitudinal macrosegregation on the corrosion resistance of the alloys were determined. Microstructural studies revealed that samples from different positions contain different fractions of solid and liquid parts of the initial slurry. Electrochemical behavior of as-cast, ground surface, and bulk material was shown to be different due to the presence of a segregated skin layer and surface quality.
Introduction
High pressure die casting (HPDC) is one of the most used manufacturing process for light alloy components [1, 2] , due to its high productivity, capability to cast complex geometry, dimensional accuracy, reduced need for finishing operations, and producing component with fine grain microstructure and good mechanical properties [3] [4] [5] .
Coupling semisolid metal (SSM) casting to HPDC (SSM-HPDC) is a promising technology to produce high quality components with sound microstructure. Higher viscosity of semisolid material in this process reduces air entrapment and consequent porosity in the component. Such a technology introduces a new opportunity to enhance the castability of a component, which is impossible to achieve by traditional manufacturing methods [2, 3, 6, 7] .
There are two kinds of semisolid processes: "rheocasting" and "thixocasting". In 1976, Flemings et al. [8] introduced rheocasting as an alternative manufacturing process to die casting and even forging, and suggested it can be used to prepare high quality parts. Rheocasting, the method which is used in the current research, involves shearing force during a first solidification to produce a slurry. The slurry is then transferred into a mold and solidifies with non-dendritic microstructure [9] . Rheocasting can be coupled with high pressure die casting and Rheo-HPDC parts have a globular microstructure and usually show low porosity. This leads to heat treatability and high performance [2, 6] . Proper materials for Rheo-HPDC process are limited to those which have good castability with HPDC process and also have low sensitivity of the solid fraction to variations of temperature [10] . Hypoeutectic Al-Si alloys in the range of 5-8% silicon content are suitable choices for this process [11] .
to that of the globular eutectic silicon in the thixoformed alloy, and this can encourage the galvanic corrosion [40] .
Rheocast process can increase the concentration of silicon in α-Al particles in A356 aluminum alloy. This leads to smaller potential differences between this phase and the eutectic silicon phase and β-AlFeSi IM particles, which result in higher resistance to pitting corrosion [34] . Although both of the eutectic silicon phase and iron-rich IMs contribute in the localized corrosion, some authors consider the contribution of IM particles to be more important [34, 41] .
The present study focused on the Al low Si alloys produced by Rheo-HPDC process and on the effect of the microstructure inhomogeneity on the corrosion resistance. In addition, the influence of silicon content and surface condition on the microstructure characteristics and the corrosion behavior is examined.
Materials and Methods
A telecom cavity filter ( Figure 1 ) was rheocast by a 400 ton HPDC machine equipped with an automated RheoMetal TM slurry generator. The RheoMetal TM (Stockholm, Sweden) process uses an Enthalpy Exchange Material (EEM) as slurry generator [42] . The alloys were prepared, and their composition were adjusted by adding pure silicon to a primary alloy in a resistance furnace. The chemical compositions of the alloys were measured by optical emission spectroscopy (OES) (SPECTRO Analytical Instruments GmbH, Kleve, Germany) and are presented in Table 1 . In the casting process, the temperature of the fixed half of the die was maintained at 230-250 • C, while the temperature of the moving half was set to 280-320 • C. Shots of about 5 kg were held at 675 • C in the ladle where 5% of EEM was added under stirring at 900 rpm. The final slurry temperature was 610 • C and had 40% of solid fraction. The die was filled in two stages with piston speed at 0.23 and 5.2 m/s, respectively, and the shot time was 31 ms. The solid fraction in the slurry was estimated by image analyses of a quenched sample of slurry after light etch using a 5% NaOH.
Specimens for corrosion tests were taken from the thin walls (thickness ≈ 1.5 mm), in as-cast or ground condition, or from the thick bottom plate (thickness ≈ 4 mm), underneath the component only in ground condition.
To investigate longitudinal segregation, both thin wall and thick bottom plate samples were taken from different locations: near the feeding gate (G) or near the die vent (V). The detailed samples designation is presented in Table 2 . Polarization tests and electrochemical impedance spectroscopy (EIS) were performed with a 3-electrode cell and a potentiostat (Parstat 2273, Ametek, Berwyn, PA, USA). The aluminum alloy with an exposure area of 1 cm 2 was connected as working electrode, platinum as a counter and silver/silver chloride (Ag/AgCl·3M·KCl) as reference electrodes. Due to the working environment of telecom components, diluted Harrison solution (0.5 g/L NaCl and 3.5 g/L (NH 4 ) 2 SO 4 ) was used to simulate the electrochemical behavior of the alloys exposed to an acid rain [43, 44] .
Regarding the polarization test, the sweep rate was 0.166 mV/s, and the delay time before each the test was 600 s, to let the open circuit potential (OCP) reaches its stable value. For each sample, mainly anodic branch was collected (as cathodic branch did not exhibit any significant information), starting from OCP. Anodic polarization was stopped after the maximum current density of 9 × 10 −4 A/cm 2 was reached. In order to highlight the effect of chloride ions, all the polarization experiments were also repeated using a solution of 3.5 g/L (NH 4 ) 2 SO 4 .
EIS measurements were collected for 24 h of immersion at the room temperature in the diluted Harrison solution from 100 kHz to 10 MHz with 36 points and 10 mV of amplitude of the sinusoidal potential.
EIS measurements were conducted on as-cast and ground surfaces of thin wall samples, and also on ground surface of the thick bottom plate samples, to investigate the effect of transverse macrosegregation and as-cast condition.
To distinguish the results of these different experiments, the letter P is added to the name of the samples of thin walls, which were ground before the electrochemical test. These samples were wet ground by silicon carbide abrasive papers from P600 to P4000 to the extent that the skin layer was completely removed. In the case of bulk samples (of the thick bottom plate), the surfaces were ground until the middle of each sample was reached. In this way, the electrochemical behavior of the bulk of each alloy can be investigated. Repeatability of the results was tested by conducting each experiment on at least three specimens. ZsimpWin TM software (3.5, Echem software, Ann Arbor, MI, USA, 2013) was used to fit the EIS spectra. After the corrosion tests, corroded surfaces were examined using SEM/EDS (JSM-IT300) (Jeol, Akishima, Japan).
For metallographic analyses, samples were wet ground, followed by polishing using diamond paste (3 µm and 1 µm). NaOH solution (10 wt %) was used to clean the surface and to reveal the constituents of the microstructure. The microstructure of the surfaces and the bulk of components were studied using a light optical microscope (LOM) (Zeiss, Oberkochen, Germany) and scanning electron microscopy (SEM) (Jeol, Akishima, Japan). Energy/wave-dispersive X-ray spectroscopy (EDS/WDS) (EDAX, Mahwah, NJ, USA) was used to measure the composition of the different phases.
Results and Discussion

Microstructural Features
Generally, the microstructure of rheocast low silicon content aluminum alloys exhibit the presence of α-Al phase together with Al-Si eutectic mixture and some intermetallic particles [45] . Based on the presence of Fe in the two alloys (Table 1) , and since its solubility in Al is very low [46] , the presence of Fe-rich intermetallic particles is expected. The sequence of phase formation (aluminum phase and eutectic reaction) was calculated using ThermoCalc TM (2015b, Solna, Sweden, 2015) software [47, 48] . The results are shown in Figure 2 . As it is predicted by the thermodynamic model, the needle shape β-AlFeSi intermetallic particle was the most favored intermetallic phase for precipitation, and it is formed before the eutectic silicon. The microstructural features of the polished surfaces of thin walls from different positions in the cavity, with different percentage of silicon, are illustrated in LOM images in Figure 3 . From microstructure images in Figure 3 , two different range sizes of α-Al phase can be observed: a coarse globular α-Al phase (α 1 -Al) and a finer α-Al phase (α 2 -Al).
The formation of α 1 -Al and α 2 -Al is related to the multi-stage solidification in the semisolid metal process. α 1 -Al grains are nucleated in the ladle, under shear forces, due to stirring at a higher temperature due to contact with the EEM and form the slurry, while α 2 -Al grains are mostly formed in the solidification stage inside the die, at a higher cooling rate [49] .
Regarding the effect of the position, the microstructure near the gate (Figure 3a ,c) consists of a higher amount of α 1 -Al particles compared to the region near to the vent (Figure 3b,d) . However, this difference is not significant in alloy 2.5.
This microstructure heterogeneity is attributed to the distribution among the die of the liquid and solid fraction of the slurry during the injection stage: the liquid part squeezes out and leaves the solid fraction behind near to the gate. Easton et al. [50] show this behavior in a SSM-HPDC component and defined this type of separation of the slurry as sponge effect.
α 2 -Al particles in thin wall samples (of both alloys) are finer near the vent in comparison to the region near the gate, due to the higher undercooling in this region of the cavity. This effect is more evident for alloy 4.5. It seems that by increasing the amount of silicon, aluminum phase is refined by undercooling, which can be due to more nucleation of the eutectic silicon [51] . LOM images of sample 2.5 RGB and 4.5 RGB from the thick plate are presented in Figure 4 . In comparison to the microstructure of thin walls, the bulk microstructure contains more α 1 -Al particles in both of the alloys, which is expected. In fact, due to the high viscosity of semisolid slurry, thin walls are mostly filled by liquid, while the relatively thicker parts are filled by the solid fraction of the slurry [15] . LOM image of cross-section of the thick plate of Alloy 2.5 in the region near the gate is reported in Figure 5 . On the surface, there is a segregation of the liquid fraction to the surface and α 1 -Al solid fraction, which tend to aggregate in the center of samples. This phenomenon is considered as transverse macrosegregation. Three different phenomena lead to transverse macrosegregation: skin effect [12] , sponge effect [13, 50] and shearing band during melt flow that lead to porosity or eutectic-rich segregation band [52] . Study of transverse macrosegregation in different positions of the same Rheo-HPDC component performed by Payandeh et al. [53] showed that the thickness of the surface segregation layer increases by increasing the liquid faction. Govender et al. [54] also reported the existence of a surface layer consisting of mainly liquid or eutectic phase in SSM-HPDC A356 Alloy. SEM image of sample 4.5 RGP at higher magnification in Figure 7a depicts the microstructure of the eutectic and the intermetallic particles. The Si particles have a flake shape and form a continuous network [55] . According to the EDS results in Figure 7b , in this figure, intermetallic particles are rich in iron, and as is expected in hypoeutectic alloys, the intermetallic particles are β-AlFeSi. These intermetallic particles usually have a needle shape [34] , and a platelet morphology in 3D tomographic volume [56] . Figure 8 represents the concentration of silicon at the center of α 1 -Al and α 2 -Al grains in alloys 2.5 and 4.5. α 2 -Al particles, nucleated from the liquid portion of the slurry [57] , have higher amounts of silicon, which leads to smaller potential differences between them and the silicon eutectic phase and/or iron-rich intermetallic particles, and results in less severe corrosion [34] . 
Corrosion Studies
Potentiodynamic Polarization Curves
Potentiodynamic polarization curves of as-cast surface of the thin wall samples (2.5 RG, 2.5 RV, 4.5 RG, and 4.5 RV) in the diluted Harrison solution and in the solution of 3.5 g/L (NH 4 ) 2 SO 4 are reported in Figure 9 . In both of the solutions, values of corrosion potential are similar for different samples regardless of the position and the silicon content. Regarding the effect of the position, samples from near the gate (2.5 RG and 4.5 RG) possess higher pitting potentials, in the solution of 3.5 g/L (NH 4 ) 2 SO 4 , compared to the samples taken from near the vent (2.5 RV and 4.5 RV). In the diluted Harrison solution, all of the samples (except for 4.5 RV) show pitting from the OCP, which is due to the chloride ions and the higher amount of iron-rich intermetallic particles, as well as the defective condition of the as-cast surfaces.
Considering the bulk microstructure, the results of potentiodynamic polarization test in the diluted Harrison solution and in the solution of 3.5 g/L (NH 4 ) 2 SO 4 , of samples of 2.5 RGB and 4.5 RGB, are presented in Figure 10 . In both of the solutions, the corrosion potentials of the two samples shows no significant difference. The stability of the passive oxide layer is higher for the bulk samples compared to the as-cast surface, especially in the chloride containing solution. This is due to the surface condition, since the bulk samples have higher α 1 -Al fraction, less eutectic fraction, and are ground while the thin wall samples are tested in as-cast condition.
SEM images of the corroded surfaces of samples 2.5 RG and 4.5 RG after the polarization test in the diluted Harrison solution are presented in Figure 11 . For both samples, corrosion is localized, and a galvanic couple between the eutectic silicon phase and/or iron-rich intermetallic particles and aluminum matrix can be observed. For all of the samples, the impedance values at low frequencies decrease with the immersion time, which indicates the progressive corrosion process on the surface. In addition, the phase angle peak depresses through the immersion time, suggesting that the pitting corrosion activity is increasing [58] .
Regarding the effect of position, samples taken from near the vent almost always, during the 24 h of immersion, show slightly higher impedance values at low frequencies, compared to the samples taken near the gate, except for 24 h, when all the samples show the same values. As it was discussed before, according to LOM images (Figure 3) , the samples, which are taken from near the vent, possess a higher fraction of α 2 -Al particles, and they also have a finer microstructure compared to the samples which are taken from near the gate.
Concerning the effect of silicon, no noticeable difference is detectable. However, all the previous research has indicated the positive effect of silicon on the pitting resistance of aluminum alloys [29, 59, 60] . Nevertheless, it is worth mentioning that these studies are focused on silicon content higher than 6%, which is higher than the percentage of silicon in both of our alloys.
To remove the effect of as-cast surface quality, the thin wall samples were ground using SiC abrasive papers to the extent that the skin layer was totally removed. The samples were then monitored by EIS during 24 h of immersion in the same solution. Bode presentation of EIS spectra of these samples are presented in Figure 13 . According to these spectra, the ground thin wall samples show one order of magnitude higher impedance values at low frequencies compared to the same samples in as-cast condition. In addition, the impendence values increased during 24 h of immersion for all of these samples. This can be related to the presence of a protective oxide, which is more stable to pitting. This protective oxide later is provided by better finishing quality on the ground surfaces. By grinding, the skin layer is removed, and a surface containing more α 1 -Al particles and fewer intermetallic particles ( Figure 6 ) is exposed to the corrosive solution. The difference between the corrosion performances of samples from different positions is negligible in this condition. Impedance tends slightly to increase after 6 h, and no pits are developed after 24 h. This proves that the poor behavior of as-cast surface is due to the poor surface quality and the higher amounts of intermetallic particles.
EIS spectra of the samples taken from the thicker plate, which are ground to the middle to expose the bulk microstructure, are reported in Figure 14 . These results indicate the growth of a protective oxide layer on the surface.
The equivalent circuits used to describe the electrochemical responses of the samples 2.5 RG(P/B), 4.5 RG(P/B), 2.5 RVP, and 4.5 RVP are shown in Figure 15 .
The electrochemical behavior of aluminum surface is affected by the presence of the passive oxide layer and the interface between the intermetallic particles and the aluminum. Although all these constituents are present, their time constants strongly overlap, or one dominates. Therefore, only one peak in the phase diagram can be observed for all of them. The oxide layer is represented by a parallel circuit containing a resistor and a capacitor representing, respectively, the oxide ionic conduction and its dielectric properties [61] .
The circuit in Figure 15a with one time constant has been used for the first 6 h of immersion, for almost all the samples, while the circuit in Figure 15b has been used for the later hours of immersion, when a second time constant was visible in the EIS spectrum. In the circuits depicted in Figure 15a ,b, R EL represents the resistance of the electrolyte. Q DL (or C DL ) and R CT stand for capacitive behavior of the electrical double layer at the interface between the surface and the solution, and for the resistance against the charge transfer (or polarization resistance), respectively. The second time constant at longer immersion time shows the oxidation of aluminum, and can represent the oxide layer (for ground surface of thin wall and thick plate samples). It can also stand for the corrosion products formed due to the localized corrosion attack in the case of thin wall samples in as-cast condition. R CP and C CP stand for the resistance and capacitive behavior of the oxide layer (or the corrosion products).
The fitting results of the two resistances (R CT and R CP ) for thin wall samples, ground and in as-cast condition, and ground thick plate samples, are presented in Figures 16-18 , respectively. Values of R CT of thin wall samples in as-cast condition (Figure 16a ) decrease with the immersion time for all the samples, which indicates an increase of the activity and a higher corrosion rate in the localized attack [62] . It should be noted that this decrease is immediate for the samples taken from near the gate, while for the samples taken from near the vent, it starts after 5-6 h of immersion. These values are higher for the samples near the vent, compared to the samples near the gate. Regarding the effect of silicon content, samples with lower amounts of silicon show slightly higher R CT values at the very first hours of immersion. The values of R CP (Figure 16b) , that for these samples represent the resistance of corrosion products in the pits, are very low, and slightly decrease for all the samples due to the corrosion attack.
Regarding the ground thin wall samples, R CT values are generally one order of magnitude higher compared to the thin wall samples in as-cast condition. The values increase during immersion time for all the samples (Figure 17a) . The values of R CT for different samples, with regard to the position, and with different amounts of silicon, are close to each other. In the case of ground samples, values of R CP represent the presence of the passive oxide layer. They remain almost constant for all of the samples, and show a similar trend.
In the case of ground thick plate (bulk) samples, reported in Figure 18 , the behavior of 2.5 RGB and 4.5 RGB samples are very similar. After some initial fluctuation, values of R CT remain almost constant for the two samples from 12 to 24 h of immersion, but never reach the high resistance showed by the ground thin wall samples. R CP values increase from the first hour of immersion for sample 4.5 RGB.
SEM micrographs and map analysis of some selected corroded surfaces are shown in Figure 19 . As clearly visible in Figure 19 , corrosion is mainly localized in all the samples, and takes place especially in the eutectic region, at the interface between the silicon and aluminum and at the interface of aluminum grains and iron-rich intermetallic particles. These results are in accordance with results of other researchers about corrosion of Al-Si alloys in similar solutions [34, 35] . 
Conclusions
In this paper, the corrosion behavior of the alloy in different parts of the component geometry were compared, and the microstructure macrosegregation due to Rheo-HPDC process was evaluated in terms of corrosion properties for two aluminum alloys containing 2.5 wt % and 4.5 wt % silicon. These alloys are prone to localized corrosion in the eutectic region at the interface between iron-rich intermetallic particles and the aluminum. Therefore, segregation of these phases influences the electrochemical behavior of the component. It was shown that the samples taken from different positions and different parts with various thicknesses differ in the amount of α 1 -Al and α 2 -Al particles. Samples also show a transverse macrosegregation. α 1 -Al particles which are the solid fraction of the slurry, tend to segregate at the center of the samples, while the surface is richer in α 2 -Al. Longitudinal segregation induces higher fraction of α 1 -Al particles in the area nearer to the higher fraction of α 2 -Al and the eutectic phase near the vent.
Both kinds of these segregations were shown to have influence on the corrosion behavior. A big change in the corrosion resistance was shown by grinding the samples. This is due to the as-cast surface morphology and composition, and to higher concentrations of intermetallic particles on the surface. In as-cast surface conditions, samples with higher amounts of α 2 -Al and finer microstructure (near the vent) show slightly higher corrosion resistance.
Differently to most of the previous papers, the as-cast surface was tested. It was shown how the surface segregation and the increase of intermetallic particles on the very surface influence the pitting resistance of the component. Both ground thin wall and thick plate samples possess better corrosion resistance compared to the thin wall samples in as-cast condition. This improvement is due to the better surface condition. Nevertheless, relatively thinner samples show a higher corrosion resistance compared to the thicker samples. Surfaces of the rheocast component present a purely liquid microstructure due to the segregation, which makes them more resistant to corrosion when ground and therefore without surface defects.
